We assessed late mortality in 1479 individuals who had survived 2 or more years after allogeneic hematopoietic cell transplantation (HCT). Median age at HCT was 25.9 years and median length of follow-up was 9.5 years. The conditional survival probability at 15 years from HCT was 80.2% (SE ‫؍‬ 1.9%) for those who were disease-free at entry into the cohort, and the relative mortality was 9.9 (95% confidence interval, 8.7-11.2). Relative mortality decreased with time from HCT, but remained significantly elevated at 15 years after HCT (standardized mortality ratio ‫؍‬ 2.2). Relapse of primary disease (29%) and chronic graft-versus-host disease (cGVHD: 22%) were the leading causes of premature death. Nonrelapserelated mortality was increased among patients older than 18 years at HCT (18-45 years: relative risk [RR] ‫؍‬ 1.7; 46؉ years: RR ‫؍‬ 3.7) and among those with cGVHD (RR ‫؍‬ 2.7), and was lower among patients who received methotrexate for GVHD prophylaxis (RR ‫؍‬ 0.5). HCT survivors were more likely to report difficulty in holding jobs (odds ratio [OR] ‫؍‬ 13.9), and in obtaining health (OR ‫؍‬ 7.1) or life (OR ‫؍‬ 9.9) insurance compared with siblings. This study demonstrates that mortality rates remain twice as high as that of the general population among 15-year survivors of HCT, and that the survivors face challenges affecting their health and well-being. (Blood. 2007;110:3784-3792) 
Introduction
Liberalization in the indications for allogeneic hematopoietic cell transplantation (HCT) as well as an increase in options in the source of the hematopoietic stem cell are responsible for the increasing number of HCTs performed annually. 1 Long-term survival has become an expected outcome for patients undergoing HCT. A limited number of studies that are either small in size or represent registry data have examined late mortality for patients undergoing allogeneic HCT. [2] [3] [4] Some studies have also attempted to describe the health and functional status of individuals surviving allogeneic HCT. [4] [5] [6] [7] However, these studies have generally used passive rather than active follow-up methods and have not included evaluations using the National Death Index (NDI) or the Social Security Death Index (SSDI) to ensure completeness. Our study represents a comprehensive analysis of disease-and treatment-related factors associated with late mortality, using NDI, SSDI, and medical records, in a large cohort of allogeneic hematopoietic cell (HC) recipients. Furthermore, results presented here describe specific aspects of functional status such as marital status, employment, and problems with health and life insurance experienced by the long-term survivors of allogeneic HCT.
Patients and methods
The Bone Marrow Transplant Survivor Study (BMTSS), a collaborative effort between City of Hope National Medical Center (COH) and the University of Minnesota (UMN), examines the long-term outcomes of individuals who have survived 2 or more years after undergoing HCT. The present report from BMTSS is restricted to individuals who met the following eligibility criteria: (1) primary diagnoses of chronic myelogenous leukemia (CML), acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), non-Hodgkin lymphoma (NHL), severe aplastic anemia (SAA), or inborn errors of metabolism (IEM); (2) allogeneic HCT between 1974 and 1998; and (3) survival of at least 2 years from HCT. The Human Subjects Committee at the participating institutions approved the BMTSS protocol. Informed consent was obtained in accordance with the Declaration of Helsinki.
Mortality analysis
Information on primary diagnoses, therapeutic agents used for preparative regimens, and the source of donor stem cells (sibling vs unrelated donor), presence of chronic graft-versus-host disease (cGVHD), and the agents used for GVHD prophylaxis was obtained on all eligible cases from the institutional transplant databases.
Vital status information was obtained from 3 sources: medical records, NDI, and SSDI. Vital status of the BMTSS subjects was ascertained as of June 30, 2003. Information on the cause of death was obtained from the NDI Plus program and the medical records.
Standardized mortality ratio (SMR, the ratio of observed to expected deaths) was used to compare the mortality of this cohort to the age-(5-year interval), sex-, and calendar-specific (1975-1979, 1980-1984, 1985-1989, 1990-1994, 1995-1999) mortality of the US general population. 8 Personyears at risk were computed from the date 2 years after HCT to either the date of death or date of censoring (June 30, 2003, for those still alive). The expected number of deaths was calculated 9 by multiplying the number of person-years in each defined stratum by the corresponding US mortality rates reported by the National Center for Health Statistics. 8 Ninety-five percent confidence interval of the SMR was calculated using the method described by Vandenbroucke. 10 SMRs were calculated for deaths from all causes and also for deaths from specific causes, including secondary or subsequent cancer, cardiac toxicity, pulmonary complications, and external causes (accidents, suicides, homicides, etc).
Survival functions were estimated by the product-limit method by sex and age. To compare survival curves for this cohort with the agecomparable US population, an expected number of deaths for each year since transplantation was calculated based on the US age-, sex-, and calendar-specific mortality rates, yielding an expected survival function by sex.
Potential risk factors for late deaths were analyzed using Cox regression models. 11 Factors evaluated included age at transplantation (categorized as younger than 18, 18 to 45, and older than 45 years), sex, race, primary diagnosis, type of donor stem cells, disease status at transplantation (standard risk of relapse at HCT and high risk of relapse at HCT), preparative regimens used, presence of cGVHD, and agents used for GVHD prophylaxis. Patients who underwent transplantation in first or second complete remission after acute leukemia and lymphoma or first chronic phase of CML were considered being at standard risk for relapse. All other patients were considered at high-risk for relapse. Analyses were performed for the entire cohort, for both relapse-related and nonrelapserelated mortality.
Analysis of marital status, employment, and health/life insurance
Data on specific aspects of functional well-being including marital status, employment, and problems with health and life insurance were collected from the surviving members of the study cohort who were 18 years or older at study participation, using the BMTSS questionnaire. This questionnaire was designed to capture a wide range of information including demographic characteristics, marital status, insurance coverage, education, income, and employment. For comparison purposes, 319 nearest-age siblings also completed the BMTSS questionnaire.
Chi-square test was used to compare distributions of functional well-being between survivors and siblings. Unconditional logistic regression was used to calculate odds ratios (ORs) and their 95% confidence intervals (CIs) after adjustment for age at study participation, sex, race and education. For analysis restricted to HCT survivors only, variables examined in the logistic regression were age at transplantation (younger than 18, 18-45, older than 45 years), sex, race (white, Hispanic, others), education (less than high school, high school graduate to some college, college graduate or higher), household income (Ͼ $60 000, $20 000-$60 000, Ͻ $20 000), primary diagnosis, cGVHD status (yes, no), length of follow-up (Յ 5, 6-10, 11 ϩ years), and year of transplantation (1974-1979, 1980-1984, 1985-1989, 1990-1994, and 1995-1998) . Table 1 summarizes the characteristics of the study population for the entire cohort, and by primary diagnosis. In this cohort, 1479 patients had undergone allogeneic HCT at COH or UMN, and survived 2 years, irrespective of disease status. Of these, 861 (58%) were male; the median age at HCT was 25.9 years (range, 0.2 to 71.5 years), and the cohort was followed for a median of 9.5 years (range, 2.0 to 28.4 years). Primary diagnoses included CML (31%), AML (29%), ALL (19%), SAA (12%), IEM (5%), and NHL (4%). The large majority (80.7%) of patients had received stem cells from a related donor, and bone marrow (96%) was the major source of stem cells. Total body irradiation (TBI) was used as part of the conditioning regimen in 87% of the cohort, while cyclophosphamide was used in 72% and etoposide in 27% of the cohort.
Results

Patient characteristics
Overall survival
By June 30, 2003, 21.6% (n ϭ 320) of the patients who had undergone HCT between 1974 and 1998, and survived at least 2 years, had died. Median age at death was 33.4 years. Most of the deaths (69%) occurred in the 2-to 5-year period after allogeneic HCT, although 43 deaths (13%) did occur after 10 years from HCT. For the entire cohort, the probability of surviving was 86.6% (SE ϭ 0.9%) at 5 years, 80.4% (SE ϭ 1.3%) at 10 years, and 76.3% (SE ϭ 1.9%) at 15 years from HCT. All-cause mortality experience from 2 years after HCT for the entire cohort was compared with age-adjusted expected survival rates for the US population and is shown in Figure 1 .
In this cohort of 1479 patients, a total of 127 patients had suffered at least one relapse in the first 2 years after HCT (ie, at entry into this cohort), and all subsequent analyses presented here excluded these 127 patients. Among the patients who did not suffer a relapse by 2 years after HCT, the probability of survival was 90.2% (SE ϭ 0.8%) at 5 years, 84.6% (SE ϭ 1.3%) at 10 years, and 80.2% (SE ϭ 1.9%) at 15 years from HCT. Patients who underwent transplantation for SAA had a better probability of surviving than those who underwent transplantation for other diseases ( Table 2 ). The 5-year and 10-year survival probability by diagnosis for patients with and without cGVHD is also presented in Table 2 . Table 3 summarizes the relative mortality in this population, using age-, sex-, and calendar-specific rates from the general US population. Overall, premature death occurred 10 times more often than expected. High relative mortality rates were seen in both male (8-fold increased risk) and female (13-fold increased risk) patients. Relative mortality was elevated across all age groups, but was highest in subjects undergoing HCT when younger than 18 years (17-fold). High relative mortality was also observed across all diagnoses, with the highest relative mortality among individuals with a primary diagnosis of IEM (37-fold). Relative mortality was highest in the 2-to 5-year period after allogeneic HCT (78-fold), and declined dramatically in the 6-to 10-year period (8-fold). Relative mortality remained elevated (2-fold above that of the general population) in patients followed for more than 15 years after HCT.
Relative mortality
Specific causes of death
Two hundred forty-one deaths were observed in patients who had survived disease free for 2 years after HCT. Relapse of primary disease was the leading cause of death, with 70 deaths (29% of all deaths) attributed to recurrence of the primary disease. Forty-seven (67%) deaths due to primary disease occurred between the second and fifth year of follow-up; 19 (27%) occurred in the next 5 years, while only 4 deaths (6%) due to primary disease occurred after 10 years from HCT. cGVHD was the second most common cause of late mortality in this cohort, accounting for 53 deaths (22%), while late infection in the absence of cGVHD was the cause of 27 (11%) deaths. Late mortality was attributed to treatment-related causes in 61 patients (25%), including 17 (7%) due to subsequent malignancy, 12 (5%) due to pulmonary complications, 8 (3%) due to cardiac toxicity, and 17 (8.4%) due to other treatment-related sequelae. External causes accounted for late mortality in 7 patients (3%). The cause of death remained undetermined for 23 patients.
Relative to the US population, individuals in this cohort were 3.6 times more likely to have died of a subsequent new malignancy (95% CI, 2.1-5.5). Of the 17 deaths due to subsequent malignancies, 14 were due to solid nonhematopoietic malignancies, and 1 each was due to therapy-related leukemia, non-Hodgkin lymphoma, and a second malignancy of unknown etiology. The cohort was at a 15.1-fold increased risk of late deaths due to pulmonary dysfunction compared with the general population (95% CI, 7.8-24.9). Pulmonary dysfunction leading to death included interstitial pneumonitis (n ϭ 7, 58%), pulmonary fibrosis (n ϭ 3, 25%), and other lung pathology (n ϭ 2, 17%). The risk of premature death due to cardiac complications was increased 2.3-fold compared with the general population (95% CI, 0.96-4.1). Table 4 summarizes the results from the multiple regression analysis for late mortality from any cause, as well as risk of late mortality related to relapse or nonrelapse-related AML indicates acute myeloid leukemia; CML, chronic myeloid leukemia; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin lymphoma; SAA, severe aplastic anemia; IEM, inborn errors of metabolism; BM, bone marrow; PBSC, peripheral blood stem cells; and TLI, total body irradiation. causes (such as cGVHD, vital organ dysfunction, subsequent malignancies, etc).
Multiple regression analysis for late mortality
The risk of late mortality due to any cause was 2.6-fold increased among individuals older than 45 years at the time of HCT, compared with those who were younger than 18 years; 2.3-fold increased among patients with cGVHD compared with those without cGVHD; and 1.7-fold increased among patients at high risk of relapse at the time of HCT, compared with those at standard risk. On the other hand, the risk of late mortality was significantly reduced among patients who received methotrexate as part of their GVHD prophylaxis regimens compared with those who did not.
Nonrelapse-related late mortality was higher among individuals who were older than 18 years at HCT (18 to 45 years: 1.7-fold; greater than 45 years: 3.7-fold), compared with patients who were younger, and among patients with cGVHD (2.7-fold increased risk) compared with those without. Finally, the risk of nonrelapserelated mortality was reduced by half among patients who received methotrexate as part of GVHD prophylaxis regimen compared with those who did not.
Relapse-related mortality was 3.7-fold higher in patients at high risk of relapse at HCT, compared with those at standard risk. Patients undergoing HCT after 1980 were less likely to suffer from relapse-related mortality, compared with those who underwent transplantation before 1980.
Multivariate analyses within the primary diagnostic categories of patients disease-free at entry into the cohort (2 years after HCT) are summarized in Table 5 . Data are all percentages (SE). For personal use only. on October 3, 2017. by guest www.bloodjournal.org From The following aspects of the survivors' functional status were examined: marital status, health problems preventing the survivors from holding a job, difficulty in obtaining or retaining health insurance, and difficulty in obtaining or retaining life insurance. The HCT survivors were compared with a sibling cohort to describe the magnitude of problem. Furthermore, sociodemographic and clinical factors were identified among the HCT survivors that would define the group at the highest risk of vulnerability in terms of these 4 variables.
Of the 926 patients in this cohort who were alive and disease-free at 2 years after HCT, and 18 years or older at the time of study participation, 547 (59%) responded to the BMTSS questionnaire. Two hundred fifty-nine patients (28%) declined to participate; and current addresses and telephone numbers were not available for 115 (12%) patients. Thus, 67% of the individuals who were successfully contacted participated in the study. The participants did not differ significantly from the nonparticipants by race/ethnicity, risk of relapse at time of transplantation, or cGVHD status. Participants were more likely to be females (46% vs 39%, P ϭ .05); and older at HCT (30.2 years vs 23.7 years, P Ͻ .001) and at study participation (41.5 years vs 36.3 years, P Ͻ .001). The median time from transplantation was shorter for participants than nonparticipants (8.6 vs 11.3 years, P Ͻ .001). Patients with CML were overrepresented among the participants (38% vs 29%), while those with SAA (10% vs 19%) were underrepresented. Finally, patients who received TBI (85% vs 75%, P Ͻ .001) or cyclophosphamide (68% vs 61%, P ϭ .04) were more likely to participate in this study. Three hundred nineteen siblings also completed the BMTSS questionnaire and served as the comparison group. One hundred sixteen (36%) of the siblings were male, and their median age at participation was 44 years (range, 19-79 years). Table 6 summarizes a comparison of the functional well-being between survivors and siblings, and Table 7 describes the factors associated with impaired functional well-being in the cohort of allogeneic HCT survivors.
Marital rate (proportion currently married) for the survivors was significantly lower compared with siblings (55% vs 69%, P Ͻ .001) ( Table 6 ). Compared with those who underwent transplantation when younger than 18 years, survivors that underwent transplantation at an older age were more likely to be married ( Table 7) . HCT survivors were 14-fold more likely to report a health problem preventing them from holding a job compared with siblings (19% vs 2%, [ Table 6 ]). Presence of cGVHD (OR ϭ 3.2; 95% CI, 1.9-5.4), and female sex (OR-1.7; 95% CI, 1.1-2.7) were associated with difficulty in holding a job ( Table 7) .
HCT survivors were 7-fold more likely to report difficulty in obtaining or retaining health insurance (26% vs 5%, P Ͻ .001 [ Table 6 ]), and low annual household income (Ͻ $20 000) was associated with difficulty in obtaining health insurance (OR ϭ 2.7; 95% CI, 1.4-5.0). However, 90% of the survivors did report health insurance coverage at the time of study participation, although the comparable rate was higher in siblings (95%, P ϭ .01). Factors associated with lack of current health insurance included male sex (OR ϭ 2.3) and low annual household income (Ͻ $20 000: OR ϭ 13; $20 000-$60 000: OR ϭ 7.0; Table 7) .
A significantly greater proportion of HCT survivors reported difficulty in obtaining or retaining life insurance compared with siblings (30% vs 5%, P Ͻ .001) and the survivors were 10-fold more likely to report difficulty in obtaining or retaining life health insurance (Table 6 ). Age at HCT older than 18 years (18 to 45 years: OR ϭ 2.8; older than 45 years: OR ϭ 2.2) was associated with difficulty in obtaining life insurance. Only 56% of the survivors had life insurance at study participation, compared with 76% of the siblings (P Ͻ .001). Younger age at HCT (Ͻ 18: OR ϭ 2.3) and low annual household income For personal use only. on October 3, 2017. by guest www.bloodjournal.org From (Ͻ $20 000: RR ϭ 1.8; $20 000-$60 000: OR ϭ 6.2) were factors independently associated with lack of current life insurance ( Table 7 ).
Discussion
Our goal was to use the services offered by the NDI, and the SSDI 12 to complement the patient medical records and provide a comprehensive description of the late mortality experience in patients undergoing allogeneic HCT. The NDI is a central computerized index of death record information submitted under contractual agreement to the National Center for Health Statistics by the state vital statistics offices. The Social Security Administration Death master file is a database containing death notices for enrollees in the US Social Security program. With this study, we were able to identify allogeneic HC transplant recipients who would be at increased risk of experiencing late mortality, thus setting the stage for targeted interventions.
This study demonstrates that patients with ALL, AML, CML, NHL, SAA, and IEM who survive disease-free for 2 years after allogeneic HCT have a conditional probability of surviving for 5 years after transplantation of 90%, and for surviving 15 years after HCT of 80%. These results are consistent with those from a large International Bone Marrow Transplant Registry (IBMTR) study of patients with ALL, AML, CML, and SAA who were disease-free 2 years after allogeneic HCT; this study revealed that the probability of surviving for 7 years after transplantation was 89%. 3 The current study also demonstrates that the cohort was at a 10-fold increased risk of experiencing late mortality compared with the general population. Of note, the mortality rate continued to be significantly increased compared with the general population among those who had survived 15 years after allogeneic transplantation. High relative mortality was observed in the youngest patients, and those with IEM. This probably could be a reflection of the low expected mortality in the ageand sex-matched general population.
In the current study, among patients who were disease-free 2 years after allogeneic HCT, 18% experienced late mortality. Twenty-nine percent of these deaths were due to relapse of the primary disease, accounting for the largest single cause of death in this population. Relapse-related mortality was significantly higher (3.7-fold) in patients at high risk of relapse at HCT, for the entire cohort, as well as in patients diagnosed with ALL (3.4-fold), AML (7.8-fold), or CML (3.3-fold), compared with those at standard risk of relapse.
As has been reported in earlier studies, 3, 13 cGVHD was the chief cause of nonrelapse-related death. The 10-year survival probability with and without cGVHD in this cohort was 79.8% vs 89.5% for CML, 73.2% vs 91.8% for AML, 80.9% vs 86.2% for ALL, 65.2% vs 80.0% for NHL, and 72.2% vs 90.5% for IEM. Furthermore, nonrelapse-related mortality was increased in patients with CML (2.4-fold) or AML (3.4-fold) with cGVHD compared with those without cGVHD. Use of methotrexate for GVHD prophylaxis was associated with a reduction in nonrelapse-related mortality, primarily due to a reduction in cGVHD. Methotrexate was one of the primary agents used for GVH prophylaxis during the period covered by the cohort (1974 to 1998) . The association of methotrexate with a reduction in nonrelapse-related mortality therefore probably represents a surrogate indicator for effective GVH prophylaxis. Late infection in the absence of cGVHD accounted for 11% of premature deaths, again emphasizing the need for recognizing and treating infections effectively and aggressively in this population that is at risk for prolonged periods of immune suppression. The incidence of subsequent cancer among survivors of transplantation is known to be significantly higher than that of the general population. [14] [15] [16] [17] [18] [19] [20] The risk is related to exposure to radiation and chemotherapy; presence of GVHD; and use of antithymocyte globulin and cyclosporine for management of GVHD. [14] [15] [16] [17] [18] 20 The current study describes the mortality experience of allogeneic HC transplant recipients after being diagnosed with a subsequent cancer, and demonstrates that the risk was 3.5-fold increased, compared with the general population. The increased risk was seen primarily among patients with AML, CML, and ALL.
Chronic pulmonary complications affect at least 15% to 20% of patients after HCT, and pulmonary dysfunction is an important indicator for long-term outcome. 21, 22 The current cohort was at a 15-fold increased risk of late deaths due to pulmonary dysfunction compared with the general population, again emphasizing the need for preventive measures, such as limiting cumulative therapeutic exposure to agents with potential pulmonary toxicity, early and aggressive interventions in patients with pulmonary compromise, and caution against tobacco use in this vulnerable population.
An assessment of the long-term survival after allogeneic HCT must take into consideration the quality of the survival. Although there are several reports describing survival, few studies report the functional well-being and social reintegration of adult survivors of allogeneic HCT. [4] [5] [6] [7] Duell et al conducted a retrospective study on health and social reintegration in longterm survivors of allogeneic HCT, demonstrating that reduced clinical performance (as measured by Karnofsky score) is associated with cGVHD and relapse of primary disease. 4 The study demonstrated that 89% of the survivors had returned to full-time work or school, and only 6% were unable to go to work or school. Factors associated with absence from work or school included older age, female sex, diagnosis of CML, presence of cGVHD, second cancer, and relapse of primary disease. In the current study, 19% of the survivors reported that health problems kept them from holding a job or attending school-a proportion that was significantly higher compared with sibling controls. Patients with cGVHD and female survivors were more likely to report difficulties in returning to work or school due to health problems.
Although previous investigations of the insurance coverage of survivors of childhood cancer found clear evidence of discrimination, particularly in employment-related health insurance, [23] [24] [25] more recent studies of older survivors treated according to contemporary protocols indicate improved access to insurance and less economic discrimination, 24, 25 probably be-cause of public awareness of the improved prognosis and because of legislation prohibiting discrimination in employment and promoting insurance portability. The current study aimed to identify the challenges faced by long-term survivors in reintegrating back into society after a high-intensity treatment regimen (ie, hematopoietic cell transplantation). The study describes that although the HCT survivors are significantly more likely to report difficulty in obtaining or retaining health insurance compared with siblings, the large majority (ie, 90%) does have health insurance. However, there is considerably greater difficulty in obtaining or retaining life insurance and only 56% of the HCT survivors had life insurance at study participation, while the comparable figure is 76% in siblings. The study also describes subpopulations that are most vulnerable in terms of difficulty in obtaining or retaining health or life insurance. However, the study did not evaluate in detail the challenges in obtaining or retaining health or life insurance faced by the survivors, and is therefore not geared to comment on the insurability of HCT survivors. On the other hand, this study aims to increase the awareness of the health care providers, policy makers, and third-party payers of the challenges faced by the long-term HCT survivors. It also sets the stage for further evaluation of the specific causes of lack of insurance in this population, as well as identification of high-risk populations that would benefit from interventions.
In conclusion, for several years after allogeneic transplantation, mortality rates in survivors remain higher than those expected in the general population, and the long-term survivors are at risk for disease-and treatment-related sequelae. This study extends the survival data, to describe specific aspects of functional well-being such as marital status, employment, and problems with health and life insurance experienced by long-term survivors of allogeneic HCT. To prevent and treat life-threatening late events, and to continue to address issues that impact the quality of survival, life-long follow-up of patients who undergo transplantation is recommended.
